This letter introduces a three-dimensional manufacturing approach to the rapid processing of microfluidic structures using a scanning laser system. This technique takes advantage of the nonuniform distribution of laser power along its incident axis. The laser processing perpendicular to the specimen surface is realized by fine-tuning focus levels and laser intensity. A large number of microfluidic components such as cantilevered valves, embedded channels, and other shapes requiring gaps between layers are demonstrated in a single layer. With this process, a class of microstructures with designed-in functionalities can be developed. Cantilevers, embedded channels, and other high aspectratio shapes requiring gaps between layers are typical microfluidic components for biology and biotechnology applications.
This letter introduces a three-dimensional manufacturing approach to the rapid processing of microfluidic structures using a scanning laser system. This technique takes advantage of the nonuniform distribution of laser power along its incident axis. The laser processing perpendicular to the specimen surface is realized by fine-tuning focus levels and laser intensity. A large number of microfluidic components such as cantilevered valves, embedded channels, and other shapes requiring gaps between layers are demonstrated in a single layer. With this process, a class of microstructures with designed-in functionalities can be developed. Cantilevers, embedded channels, and other high aspectratio shapes requiring gaps between layers are typical microfluidic components for biology and biotechnology applications. [1] [2] [3] [4] [5] In conventional microfabrication techniques, multiple deposition, etching, and lithographic steps are often required in order to produce such microstructures. The number of processing steps and chemicals involved therein limits the minimum price and therefore the applicability in disposable devices. In addition, photolithography and the related techniques 6 are applicable for two-dimensional processing, the third dimension (perpendicular to the surface) is essentially fixed at one value, for example, uniform etch depth.
photoelectroforming, 2 micro-stereolithography, 3 two-photon microfabrication, 5 LIGA, 6 electrochemical micromachining, 7 or proton micromachining 8 techniques allow the production of high aspect ratio and/or complex three-dimensional (3D) microstructures, however, these processes either are complex, expansive, or need special equipment for fabrication.
This letter presents a 3D manufacturing approach to rapid protyping of microfluidic structures using a scanning laser system. The experimental apparatus comprises a diodepumped, high repetition rate ͑ഛ150 KHz͒, nanosecond pulse duration Nd: YAG laser operating at a wavelength of 355 nm. The laser light is directed through a two-axis scan head before it reaches the specimen. 9 An expander lens moves linearly along the axis of the beam to correct the focal point deviation caused by X / Y mirror motion within the scan field. This enables both a large scan field as well as a small spot size. The maximum scan field size is 100ϫ 100 mm 2 , while the minimum spot size is 20 m. ScanWare laser scanning control software developed by Nutfield is used for inplane laser processing.
The scanning laser manufacturing technique could be potentially applied to a wide range of materials, 10 of which polymers are worth special attention. Low cost and highly functional, polymers are a category of materials that are especially suitable for 3D microstructures manufacture. A prominent example of them is SU-8, which has been widely used because it is chemically resistant, biologically benign, and has an ability of defining layers with thicknesses between 1 m and 1 mm with high aspect ratio ͑Ͼ20͒. SU-8 has gradually become a popular and cheap alternative to silicon Si for the fabrication of passive components such as micromotors, microfilter, and microfluidic system components.
11,12
Chemically SU-8 resin is a fully epoxidized bisphenol-A/formaldehyde novolac co-polymer. Combined with the appropriate photo acid generator (PAG), it becomes a thick-film negative photoresist. Upon ultraviolet (UV) light exposure, strong acid and protons are generated, which initiate the cationic polymerization of the epoxy monomers due to photochemical reaction of the PAG. The reaction is complete after subsequent postbaking. It is critical that the UV exposure dosage is responsible for initiating image formation. 13, 14 In conventional photolithographic aligners, the light rays striking the photoresist are collimated. The light intensity along the incident axis is not adjustable. In our scanning laser system, the exposure laser energy can be modified by varying the pump diode current and/or focus levels. As shown in Fig. 1(a) , laser beam passing through the scan head lens does not converge at exactly a single point. The beam diameter within ±2 mm of the focus location was measured. It is found that light rays converge at an angle 1.3°in air. According to Snell's law, we have,
where n and refer to the refractive index and convergence angle, and the subscripts 0 and 1 denote the air and SU-8, respectively. In SU-8, light rays diverge at an angle 1 = 0.8°. As the film deviates from the focus location at a distance z 0 , the beam diameter at the penetration depth z can be derived as
where d 0 is the beam diameter at the focus. The in-depth distribution of laser power is given by
where ␣ is the absorption coefficient of the film. ␣ = 100 cm −1 for SU-8 at 355 nm. 13 J 0 is the laser power at the a)
Author to whom correspondence should be addressed; electronic mail: bli@fraunhofer.org focus point. It is a function of the pump diode current and the repetition rate of the Nd:YAG laser. 15 According to Eqs. (1)-(3), the profile of laser power in the film can be derived. As shown in Fig. 1(b) , laser power decreases exponentially as the penetration depth increases. The laser power at a certain point in the film can be further modified by varying the focus levels. The inset of Fig. 1(b) illustrates the laser intensity at z =50 m as a function of out-of-focus distance z 0 . Obviously, the intensity decreases with the increasing out-offocus level. Thus, the out-of-plane laser processing is achievable by fine tuning the focus levels and laser intensity.
As a demonstration, we fabricated various free-standing microstructures at a single SU-8 layer. The process started with ϳ260 m thick SU-8 coating on a substrate. After prebaking, the specimen was mounted on an x-y-z stage for laser processing. The SU-8 film was first positioned at the focal location. High-dosage laser pulsing was then selectively applied to the post of microstructures. At a pump diode current 15 A and a repetition rate 20 KHz, the photoresist was completely exposed and the supporting anchor was pat- 2427 terned. Then the x-y-z stage was moved along the optical axis of the incident laser light and the specimen was positioned in an out-of-focus plane. Consequently, low-power laser pulsing were applied to pattern microbeams in the same photoresist. According to Fig. 1 , the low-dosage laser light was mainly absorbed at the surface of the SU-8. The part of photoresist close to the substrate was slightly exposed so that it could be removed after developing. Thus, the suspended microstructures were realized. Due to the high repeatability of the scanning laser system, the anchor and the beam were "self-aligned" although they were exposed at different laser pulsing processes. The thickness of the free-standing microstructures was determined by the incident laser power, J 0 , and the out-of-focus distance, z 0 . As such, the post and beam were realized in the same SU-8 layer. Figure 2 illustrates a double-clamped cantilever array. Furthermore, we attempted to manufacture a functional microfluidic system at a single SU-8 layer. The process flow used is shown in Fig. 3 . The SU-8 photoresist was spin coated on a transparent glass substrate. After prebaking, the specimen was mounted on the x-y-z stage with the glass surface facing to the laser beam. The anchor was first selectively patterned with high dose, on-focus backside laser pulsing [ Fig. 3(a)] . The channel was then formed using low dose, out-of-focus backside laser pulsing [ Fig. 3(b) ]. An alignment mark was generated at the same time for double-side alignment. Consequently, the specimen was flipped with the SU -8 layer facing to the laser beam. Low dose, out-of-focus laser pulsing was then applied to write the cantilever beam and membrane [ Fig. 3(c) ]. Finally, the laser energy and focus levels were tuned to pattern the valve flange [ Fig. 3(d) ]. After developing the photoresist, a microfluidic system with a cantilevered microvalve and embedded channels was realized on a single SU-8 layer. Figure 4 (a) shows a fabricated device. The specific design of the cantilever beam consists of a microvalve and a membrane. The membrane is located on top of the gas channel outlet; while the microvalve is positioned in the middle of a fluidic channel. In Fig. 4(a) , the membrane is curled due to the stress in baked SU-8 photoresist, and the microvalve is closed normally. The length, width, and thickness of the cantilever beam are 3000, 150, and 60 m, respectively. The spring constant of the beam is estimated as 1.2 N / m based on the following equation:
where E is the Young's modulus of elasticity, t the thickness, w the width, and l the length. During testing, a tube pipe was glued on top of the chamber, and compressed air was applied to the membrane through the gas channel [ Fig. 3(e) ]. As a result, the covered membrane was then blown up, and the microvalve was lifted open. Figure 4 (b) illustrates a elevated microvalve upon 3 psi pressure. Thus, the flow through the embedded fluidic channel can be modulated by adjusting the gas pressure through the gas channel.
In summary, a 3D manufacturing approach has been demonstrated to rapid processing of microfluidic structures using a scanning laser system. The 3D laser processing is realized by fine-tuning focus levels and laser intensity. Various microstructures with designed-in functionalities can be developed in the same fashion. 
